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ABSTRACT 
 
At the beginning of this study, very few data were available on the proteolytic 
enzymes and proteinase inhibitors in oat seeds. Therefore, a series of studies were 
conducted to detect proteinases present in the seeds as well as to characterize those 
which hydrolyze endogenous substrates. These data were gathered to help possible 
future projects aiming to expanding the industrial use of oats. 
 
We show here that at least two types of trypsin and chymotrypsin inhibitors are 
present in resting oat seeds. These are the pH and temperature sensitive, labile 
inhibitors and the more stable inhibitors. The labile inhibitors are inactivated in vitro 
by serine proteinases that are present in both resting and germinating seeds. The stable 
chymotrypsin inhibitors, in turn, are not inactivated at pH 6.2. Possibly two different 
systems occur for the inactivation of these somewhat different inhibitor groups. Since 
most of the inhibitors are labile to low pH and high temperatures they probably do not 
lower the nutritional value of oats. 
 
The overall pH of the germinated oats endosperm is pH 6.2 and at this pH serine and 
metalloproteinases were detected by electrophoretic method where gel-incorporated 
gelatin was used as a substrate. However, when soluble azogelatin substrate was used, 
the cysteine proteinase activities dominated (30%) followed by serine and 
metalloproteinase activities (15% each). The residual activity was not sensitive to the 
inhibitors tested. Oat globulins were partially hydrolyzed at pH 3.8 by cysteine 
proteinases present in 4-day germinated seeds but a 34.5 kD intermediate product 
remained at least partially un-hydrolyzed. Cysteine proteinases extracted from 8-day 
germinated seeds totally hydrolyzed globulins, the major oat storage proteins, through 
the 34.5 kD product. Avenins, the oat prolamins, were hydrolyzed at pH 3.8 by 
cysteine proteinases extracted from germinated seeds. Alpha-avenins were hydrolyzed 
by 4-day and beta-avenins by 8-day germinated seed proteinases. These activities may 
belong to different types of enzymes. 
 
We conclude that the storage proteins in germinating oat seeds are mainly hydrolyzed 
by cysteine proteinases, as has been shown earlier in 11S storage protein containing 
seeds (for example beans) and prolamin storage protein containing seeds such as 
barley. 
  
PREFACE 
 
This study was carried out at the Department of Food Technology, University of 
Helsinki during the years 1993-2000. I am grateful to professor Hannu Salovaara for 
providing the working facilities during most of the work and for help and everlasting 
patience. I also want to thank late professor Pertti Varo who let me work in his 
laboratory in the beginning of this study. 
 
I want to thank the reviewers, Dr. Marja-Leena Niku-Paavola and Dr. Jukka Kervinen 
for most constructive criticism. I also wish to thank Fred Gates for help and delightful 
discussions with English language. 
 
I want to thank my supervisors Ritva Saarelainen, who initiated this study and Dr. 
Anita Mikkonen who took over my supervision in 1995 and has continued her support 
ever since. 
 
I am most grateful to professor Berne Jones who invited me to work in his laboratory 
USDA ARS in Madison, Wisconsin 1997-1998, and taught me so much of cereal 
proteinases and their characterization.  
 
I want also to thank all my friends, relatives and coworkers who have helped me as 
well as students in the laboratories I have worked during this study. In particular I am 
grateful to Outi Brinck who was first my student then a technical support and finally a 
coauthor and, Dr. Tuula Sontag-Strohm who introduced me to the cereal storage 
proteins and was always ready to discussions and giving help on electrophoresis and 
storage proteins. 
 
The financial support of Foundation for Biotechnical and Industrial Fermentation 
Research, Wihuri Foundation, University of Jyväskylä, Raisio Foundation, Finnish 
Cultural Foundation, Finnish Food Research Foundation, Scholarship Fund of the 
Finnish Association of Academic Agromists, Tiura Foundation and Ministry of 
Agriculture and Forestry is gratefully acknowledged. 
 
I want to thank my parents especially for teaching the importance of discussion and 
analytical thinking. 
 
I am most grateful to my family who supported me during this study and also kept me 
on the right track on what is most important in life. 
 CONTENTS 
ABSTRACT 
LIST OF ORIGINAL PUBLICATIONS 
ABBREVIATIONS 
 
1 INTRODUCTION         8 
 
2 LITERATURE REVIEW        10 
 
2.1 Oat storage proteins       10 
2.2 Proteolysis in resting and germinating cereal seeds   12 
  2.2.1 Classification of proteinases     13 
  2.2.2 Oat and barley proteinases     14 
  2.2.3 Storage protein hydrolysis     20 
 2.3 Oat and barley proteinase inhibitors     21 
  2.3.1 Inhibitors of exogenous proteinases    23 
  2.3.2 Inhibitors of endogenous proteinases    25 
  2.3.3 Proteinase inhibitors during germination   26 
 
3 AIM OF THE PRESENT STUDY       29 
 
4 MATERIALS AND METHODS       30 
 
 4.1 Plant material, germination and extractions    30 
 4.2 Electrophoretic methods       30 
 4.3 Spectrophotometric measurements     31 
 4.4 Classification of proteinases using class-specific inhibitors  32 
 
5 RESULTS          33 
 
5.1 Occurrence and stabilities of oat trypsin and chymotrypsin inhibitors 33 
5.2 Proteinase activities of germinated oat seeds at pH 6.2   34 
5.3 The proteinases of germinated oat seeds that hydrolyze oat globulins 36 
5.4 The proteinases of germinated oat seeds that hydrolyze oat avenins 39 
 
6 DISCUSSION         41 
 
 6.1 Proteinases that are active at pH 6.2     41 
 6.2 Proteinases that hydrolyze storage proteins    44 
 
7 CONCLUSIONS         48 
 
8 REFERENCES         50 
  
LIST OF ORIGINAL PUBLICATIONS 
 
The thesis is based on the following articles, which in the text will be referred to by 
their Roman numerals. 
 
I, Mikola, M. and Mikkonen, A. 1999. Occurrence and stabilities of oat trypsin and 
chymotrypsin inhibitors. J. Cereal Sci. 30: 227-235 
 
II, Mikola, M. and Jones, B.L. 2000. Electrophoretic and ‘in solution’ analyses of 
endoproteinases extracted from germinated oats. J. Cereal Sci. 31: 15-23 
 
III, Mikola, M. and Jones B.L. 2000. Characterization of oat endoproteinases that 
hydrolyze oat globulins. Cereal Chem. 77(5): 572-577 
 
IV, Mikola, M, Brinck, O. and Jones, B.L. 2001. Characterization of oat  
endoproteinases that hydrolyze oat avenins. Cereal Chem. 78(1):55-58 
  ABBREVIATIONS 
 
EDTA   Ethylenediaminetetraacetic acid 
EP-A  Barley endoproteinase A 
EP-B  Barley endoproteinase B 
HvAP   Hordeum vulgare aspartic proteinase  
IEF  Isoelectric focusing 
E-64   Trans-epoxysuccinyl-L-lucylamido (4-guanidino) butane 
kD  kilo Dalton 
LTP   Lipid Transfer Protein 
PAGE  Polyacryl amide gel electrophoresis  
PAPI   Probable Amylase/Proteinase inhibitor 
PI  Proteinase inhibitor 
pI  Isoelectric point 
PMSF   Phenylmethylsulfonyl fluoride  
SDS  Sodium dodecyl sulphate 
  
1 INTRODUCTION 
 
Oats are suitable for cultivation in the harsh climatic conditions of Finland. Although 
oats are only a minor crop worldwide, they are important to Finnish agriculture. Oat 
grains are mainly used as animal feed and only about 5% are used for human nutrition. 
Nutritionally, oat provides well-balanced food for humans and has been used for 
infant feeding in Finland for a long time. In Finland porridge is probably the most 
common oat food, whereas in the rest of Europe and in North America it is probably 
used mostly as a component of muesli or other ready-to-eat breakfast cereal. 
 
Results that revealed cholesterol-lowering effects of oats gum have raised the human 
consumption of oats, starting from 1980’s and especially in the United States (Welch, 
1995). In 1997, the US. Food and Drug Administration allowed certain oat based 
foods to carry for example the following health claim ‘soluble fiber from oat meal, as 
part of a low saturated fat, low cholesterol diet, may reduce the risk of heart disease‘ 
(Food and Drug Administration, 1997). Recent results showing the suitability of oats 
for celiac patients moreover raises the status of oats as good and healthy part of their 
diet (Janatuinen et al 1995). This increased awareness of potential benefits of oats has 
fueled interest in expanding the use of oats as part of the daily diet. There is also a 
need for scientific data on the various components of oats. The effect of traditional as 
well as novel technological treatments on oats and their components also require 
additional studies. In addition the demand for so-called functional foods is increasing. 
As one possibility, the suitability of oats for malting purposes has been studied to 
expand the food use of oats (Larsson and Sandberg 1992, Peterson 1998). 
 
Plant physiologically germination is complete when the primary root emerges (Bewley 
and Black 1994). However in cereal chemistry and malting industry the term is used 
to also include the early plantlet growth and accordingly ‘germination’ will be used in 
this sense in this literature review. During germination the largely insoluble storage 
proteins located in the endosperm are hydrolyzed into soluble components that can be 
transported to be used as a source of nutrients for the developing plantlet (Bewley and 
Black 1994).  
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The purpose of this project was to study the occurrence and some properties of 
endoproteinases and inhibitors of exogenous proteinases present in resting and 
germinating oat grains. We also investigated abilities of endoproteinases to hydrolyze 
different, mostly endogenous substrates. An overall view, rather than a detailed study 
of any specific proteinase type was the goal.  
 
Electrophoresis gives a wide variety of techniques for analyzing proteolytic enzymes 
as well as their substrates and products. These methods are limited to semi-
quantitative level but they give a possibility for analysis without purification of 
individual enzymes. Therefore electrophoretic methods were chosen for this study to 
obtain data on the unknown area of oat seed proteolytic system. 
 
Very little published data on the proteolytic enzymes of oat seeds are available. The 
proteolytic system of barley, a related cereal, is fairly well known (Mikola 1983). 
Therefore the chapter describing the proteases present in cereal seeds focuses mainly 
on barley. Trypsin and chymotrypsin inhibitors of oats are poorly studied (Boisen 
1983) and thus a review of these proteins in other cereals, mainly barley, was chosen. 
 
 2 LITERATURE REVIEW 
 
2.1 Oat storage proteins 
 
Proteins are often classified according to their solubility in different solutions. The 
albumins are soluble in water, the globulins are soluble in salt solutions, the prolamins 
are soluble in aqueous alcohol and the glutelins are soluble in dilute acids and bases 
(Osborne 1924). Even though the classification has its limits it is still useful, 
especially in cases where amino acid sequences of the proteins are unknown. Oat 
groat (dehulled seed) has a protein content between15-20%. The globulins are the 
most abundant protein group in oat seeds followed by albumins and prolamins; the 
glutelins are negligible in oat seeds (Peterson and Brinegar 1986).  
 
Proteins belonging to the albumin group are mostly enzymes, enzyme inhibitors and 
other functional proteins. Their proportion is between 9-20% of the total protein of oat 
groats (Peterson and Brinegar 1986). In this review proteolytic enzymes and trypsin 
and chymotrypsin inhibitors will be presented as examples of albumin proteins in 
chapters 2.2.2 and 2.3, respectively. 
 
In oats, the major storage proteins are salt soluble globulins (70-80% of total protein) 
(Peterson and Brinegar 1986), in contrast to other cereals such as wheat, barley and 
rye, whose storage proteins are mostly alcohol soluble prolamins (Shewry 1995). 
Avenins, the oat prolamins, are also present, but in smaller quantities (4-14%) than 
the globulins (Peterson and Brinegar 1986). In the seeds of most flowering plants, 
major storage proteins are globulins, either 11S or 7S (Shewry 1995). 
 
Globulins are important seed storage proteins and are present in both 
monocotyledonous and dicotyledonous plants (Shewry 1995). Storage globulins are 
the major endosperm proteins in oats and rice, although technically the rice globulins 
were earlier classified as glutelins due to their solubility properties (Shewry 1995). 
According to Shotwell et al (1988) the oat 12S globulin is 70% homologous to rice 
storage globulins and 30-40% homologous to storage globulins present in legumes. 
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The oat globulins are hetero hexamers consisting of two different subunits: (acidic) 
alpha (MW 32.5-37.5 kD) and (basic) beta (MW 22-24 kD). The native polymer is 
built of six alpha and six beta subunits having molecular weight of around 322 kD 
(Peterson 1978). The unreduced separated globulin appears as 53-58 kD disulfide-
linked dimer consisting of alpha and beta subunits (Brinegar and Peterson 1982). The 
isoelectric points (pI) of the larger and smaller subunits are from 5.0 to 7.0 and 
between 8.0 and 9.0 respectively (Burgess et al 1983). As tested by radio 
immunoassay, the globulin content of the oat total protein is 75% (Colyer and Luthe 
1984).  
 
The avenins are alcohol soluble prolamins with molecular weights ranging from 
22 kD to 33 kD. The avenins are located in the protein bodies (Pernollet et al 1982). 
The avenins have been divided to alpha-avenins (lower molecular weight) and beta-
avenins (higher molecular weigh); both types are present in Finnish oat cultivars 
(Jussila et al 1992). Pernollet et al (1989) used HPLC techniques to separate avenins 
for N-terminal sequencing. Half of the separated prolamins were N-terminally blocked 
which prevented Edman degradation; the characterized avenins were quite 
homologous.  
 
Donhowe and Peterson (1983) isolated protein bodies from aleurone and starchy 
endosperm. As analyzed by SDS-PAGE, globulin subunits were present in both 
preparations but the larger subunits were less distinct in the aleurone than in the 
starchy endosperm. The avenins were also present in both preparations and the amino 
acid compositions were similar. The aleurone protein bodies contained phytic acid and 
protease activity in contrast to the starchy endosperm protein bodies (Donhowe and 
Peterson 1983). In developing oat endosperms, globulins and avenins are located in 
vacuolar protein bodies. The globulins aggregate within the protein bodies whereas 
the avenins aggregate in the rough endoplasmic reticulum (Lending et al 1989).  
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2.2 Proteolysis in resting and germinating cereal seeds  
 
In the resting cereal seed, the storage proteins are mostly located in the endosperm and 
are largely insoluble. During germination they are hydrolyzed and transported through 
the scutellum to the embryo for the need of the growing plantlet (Bewley and Black 
1994). 
 
In most flowering plants globulins (11S or 7S) are the major storage proteins, in 
contrast to the cereals where the prolamins are the major reserves. A theory of 
hydrolysis has been proposed (Shutov and Vaintraub 1987), according to which, the 
globulins undergo changes in their solubility at the beginning of the germination. This 
makes them susceptible to seed endoproteinases appearing at the beginning of the 
germination (Shutov and Vaintraub 1987). Cysteine endoproteinase appearing at the 
beginning of the germination (termed proteinase A) is capable of initializing the 
hydrolysis and can complete the hydrolysis to small soluble peptides. However, the 
basic subunit(s) of the globulins, once released from the dimer, are then hydrolyzed by 
releasing small fragments. These fragments are in some cases so small that the change 
in the size is undetectable with SDS-PAGE. The acidic subunit(s) once released from 
the dimer are rapidly hydrolyzed into smaller pieces (by cysteine proteinases) which 
are susceptible to hydrolysis by several different endoproteinases (Shutov and 
Vaintraub 1987).  
 
Enzymatic reactions are dependent on pH. Thus it is important to know those 
conditions the reactions take place in vivo. The storage proteins are hydrolyzed in the 
endosperm, at least to the level where they are soluble. During germination barley 
aleurone layer acidifies its surroundings. Germinating barley seed endosperm is 
around pH 5 up to seven days of germination at 16° C (Mikola and Virtanen 1980); 
the authors tentatively concluded that the pH maintenance was due to malic acid 
secreted from the aleuron layer. Mikola and Mikola (1980) measured the pH of the 
softened part of the endosperm and it ranged from pH 4.9 after three to pH 5.0 after 
seven days after imbibition. Isolated barley aleurone layers were studied in the 
presence and absence of gibberellic and abscisic acid. The pH of the incubation buffer 
decreased from pH 5.4 to 3.9 during the 24 h incubation period in the control whereas 
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in the presence of gibberellic and abscisic acid the final pH values were 3.8 and 3.1 
respectively (Drodzdowicz and Jones 1995). No reports of possible 
compartmentalization allowing pH micro heterogeneity within germinating 
endosperm, for example protein bodies, are available 
 
2.2.1 Classification of Proteases 
 
The International Union of Biochemistry and Molecular Biology Nomenclature 
Committee in “Enzyme Nomenclature 1992" have set the class EC 3 to contain 
hydrolases. Subclass EC 3.4 contains peptide hydrolases or peptidases (NC-IUBMB, 
2000). Peptidases can be further divided on the basis of “the reaction catalyzed, the 
chemical nature of the catalytic site and the evolutionary relationship” (Barrett 1994). 
 
The term protease has been used to denote peptide bond hydrolases or peptidases, e.g., 
an enzyme hydrolyzing peptide bonds between amino acids. The proteases are further 
divided into exopeptidases and endopeptidases. Exopeptidases hydrolyze the peptide 
bonds at the amino or carboxylic end of the peptide chain, whereas the endopeptidases 
catalyze the hydrolysis of internal bonds. An additional basis for nomenclature is 
whether the exopeptidases liberate amino acids, dipeptides or tripeptides or if they 
hydrolyze dipeptides to amino acids. Omega peptidases are exopeptidases, which 
remove terminal amino acids bound to compounds other than amino acids (Barrett 
1994).  
 
The word proteinase is used as a synonym to endopeptidase (Barrett 1986) According 
to the chemical nature of their active sites they are divided into four groups: serine, 
cysteine, aspartic and metalloproteinases. In practice proteinases are divided into these 
groups based on their sequence homology and by using class-specific inhibitors. Some 
of these inhibitors are briefly discussed below. 
 
Serine proteinases are characteristically dependent on the catalytic serine in the active 
site. The classification of a proteinase into serine proteinase-class is often performed 
by using phenylmethylsulfonyl fluoride (PMSF) or di-isopropyl fluorophosphate. Two 
familiar serine proteinases are the mammalian digestive enzymes trypsin and 
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chymotrypsin. Cysteine proteinases share a characteristic cysteine in the catalytic site. 
The most often used inhibitor is trans-epoxysuccinyl-L-lucylamido (4-guanidino) 
butane (E-64). Another one is leupeptin although this inhibitor is less specific and also 
inhibits some serine proteinases. The most thoroughly examined cysteine proteinase is 
papain from the papaya plant. Pepsin, an aspartic proteinase, initializes the digestion 
of the proteins in the acidic conditions of the stomach. The most useful inhibitor of 
aspartic proteinases is pepstatin, an isovarelyl pentapeptide of microbial origin. 
Metalloproteinases are dependent on metallic ions, most often on Zn. The most widely 
used inhibitors are 1,10 phenanthroline and 3,4-dichloroisocoumarin although 
ethylenediaminetetraacetic acid (EDTA) is also commonly used. One familiar 
example of metalloproteinases is matrix gelatinase (Barrett 1986, Barrett 1994, Ryan 
and Walker-Simmons 1981). 
 
2.2.2 Oat and barley proteinases  
 
Plant proteinases are not only in charge of the bulk hydrolysis of storage proteins 
during germination. They are involved in a large number of events during the life 
cycle of the plants for example in regulation of germination and leaf senescence. An 
excellent review of the proteolysis in plants has been presented by Vierstra (1996). A 
review of storage protein hydrolysis in plant seeds by Shutov and Vaintraub (1987) 
gives a general scheme for storage globulin hydrolysis during germination. Protein 
hydrolyzing enzymes in Mung bean, barley and Scots pine have been reviewed by 
Mikola (1983). The current review is limited to endoproteinases.  
 
Oat proteinases 
 
Only a few reports have appeared concerning the protein hydrolysis of oat seeds. 
Donhowe and Peterson (1983) determined casein-hydrolyzing activity (pH 5-6) in the 
protein bodies of resting oat seed aleuron layer, which was absent in the protein 
bodies of starchy endosperm. Sutcliffe and Baset (1973) showed a casein hydrolyzing 
activity at pH 8 in germinating oats. Their results showed a rising rate of activity up to 
two days and thereafter although the activity increased, the rate of the increase 
declined. 
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Barley proteinases 
 
Barley seeds are one of the most studied cereal seeds. This is partly because a major 
industry, brewing, is dependent on the regulated germination of barley seed to obtain 
malt. Barley seeds contain 8-15% protein of the dry weight. The proteins can be 
divided into non-storage, e.g. metabolic and structural proteins, and storage proteins. 
The storage proteins are the hordeins, barley prolamins, and the storage globulins 
(Shewry 1995). 
 
The number and intensity of proteolytic activities rise up to around fourth day of 
germination at 16°C (Wrobel and Jones 1992). Zhang and Jones (1995a) separated the 
proteinases of barley malt (4-day-germinated barley) using two-dimensional (2-D) 
electrophoresis (IEF x PAGE) and detected the proteolytic activities using substrates 
incorporated in the gels. A total of 42 activity spots were detected. These studies were 
performed using two substrates, gelatin and edestin at different pH values and with 
class-specific inhibitors. In more acidic conditions (pH 3.5-4.8), the aspartic and 
cysteine proteinase activities predominated, whereas at high pH (6-8.5) serine and 
metallo-proteinases were the most active.  
 
In a separate study Zhang and Jones (1995b) used the same method to determine the 
appearance and localization of the proteinases of germinating barley. The gels were 
incubated at pH 4.8, the pH of germinating barley endosperm, again with two 
substrates. In the resting seeds one serine and two aspartic proteinase activities were 
detected. During the germination up to five days, new activities appeared including 
proteinases of all of the four proteinase classes. In the endosperm of malted barley 
grain fifteen distinct proteinase activity spots were detected, eight of these indicating 
cysteine proteinase activities, some aspartic and serine proteinase activities were also 
present. 
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Aspartic proteinases (EC 3.4.23) 
 
Barley aspartic proteinases have been studied in detail and the results of these and 
other plant aspartic proteinases have been reviewed in several papers (Kervinen 1994, 
Kervinen et al 1995, Runeberg-Roos 1996, Törmäkangas 1997, Bleuxck 1998, 
Kervinen 1998) and only a brief overview is given here. 
 
In 1980, Doi and coworkers reported characterization of a pepstatin-sensitive acid 
proteinase of rice seed (Doi et al 1980). A corresponding aspartic proteinase was 
purified from resting barley seeds in 1992 (Sarkkinen et al 1992). This proteinase was 
designated Hordeum vulgare aspartic proteinase (HvAP). Currently barley and other 
related plant aspartic proteinases are called phytepsins (Kervinen 1998). Barley 
phytepsin is one of the best-known cereal proteinase and is described in more detail 
below. 
 
On the basis of the direct amino acid sequencing (Sarkkinen et al 1992) and the 
cDNA-derived primary structure (Runeberg-Roos et al 1991) phytepsin resembles 
mammalian Cathepsin D and yeast aspartic proteinase A. The pH optimum of the 
enzyme against hemoglobin is between pH 3.5 and 3.9 (Sarkkinen et al 1992). The 
hydrolytic specificity of barley aspartic proteinase is toward peptide bonds between 
amino acids with large hydrophobic residues and a regulatory role was suggested by 
the authors due to the narrow specificity of the enzyme (Kervinen et al 1993). Further 
evidence toward the regulatory role was gathered by showing that barley prolectin was 
processed in vitro by barley aspartic proteinase (Runeberg-Roos et al 1994). Using 
immunomicroscopy it was found out that, in the resting seed, it is present in the 
degenerating tissues of the testa and pericarp. It is also present in the embryo and 
scutellum. During germination barley aspartic proteinase appears in the aleurone layer 
but is not secreted to the rest of the endosperm during six days of germination 
(Törmakangas et al 1994). Several different aspartic proteinase activities were 
detected in both resting and germinated barley seeds using gel-incorporated edestin 
substrate (Zhang and Jones 1999). In the germinating seed there were four aspartic 
proteinase activities, three of these cross-reacted with antibodies raised against HvAP. 
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The three enzymes were purified and they digested barley chloroform-methanol 
soluble proteins (Zhang and Jones 1999).  
 
Recently the activation system of barley phytepsin from primary translation product to 
active enzyme has been characterized (Glathe et al 1998). Also the zymogen of barley 
phytepsin was crystallized and its three dimensional structure was determined using 
X-ray crystallography (Kervinen et al 1999). A related aspartic proteinase, the active 
and fully processed cardosin from Cynara cardunculus, has also been crystallized and 
the structure has been solved by X-ray technique (Frazao et al 1999). 
 
Cysteine proteinases (EC 3.4.22) 
 
Cysteine proteinases are the major barley hordein hydrolyzing enzymes. Marttila 
(1996) has reviewed plant cysteine proteinases. The activities of barley cysteine 
proteinases increase at the beginning of the germination (Wrobel and Jones 1992). 
Purifications of five barley cysteine proteinases have been reported, the major 
characteristics of these are collected in table 1. A 30 kD cysteine proteinase was 
purified to homogeneity from malted barley by Poulle and Jones (1988). The pH 
optimum for hydrolysis of hemoglobin was 3.8 and it showed a large spectrum of 
specificity also being capable of hydrolyzing hordeins in vitro. The 30 kD cysteine 
proteinase was inhibited by leupeptin but not by PMSF (Poulle and Jones 1988). The 
specificity of the 30 kD proteinase preferred leucine in P2 position (Jones and Poulle 
1990). Phillips and Wallace (1989) purified a 29 kD cysteine proteinase from surface 
sterilized germinated barley, which degraded hordein optimally at pH 4.5. Antibodies 
raised against 29 kD proteinase also recognized a 37 kD endopeptidase that was 
present in a chromatographic fraction having hordein degrading activity. Koehler and 
Ho (1988) purified a cysteine proteinase (EP-A) from gibberellic acid treated barley 
aleurone layer. It was inhibited nearly totally by cysteine proteinase inhibitors but not 
by serine proteinase inhibitors. The apparent molecular weight of EP-A was 37 kD 
and it had pH optimum at pH 5.0 (Koehler and Ho 1988). Another cysteine proteinase, 
EP-B was somewhat inhibited by PMSF (28%) and aprotinin (43 %) and almost 
totally inhibited by all the cysteine proteinase inhibitors tested (Koehler and Ho 1990). 
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This EP-B had a pH optimum between pH 4.5 and 4.6 and was capable of hydrolyzing 
hordein in vitro. The molecular weight was also 37 kD and its N-terminal sequence 
showed 90% homology to EP-A (Koehler and Ho 1990). A cysteine proteinase with 
pH optimum pH 4.5 has also been purified (Zhang and Jones 1996). This 31 kD 
cysteine proteinase was inhibited by E-64 and N-ethylmaleimide, which are cysteine 
proteinase inhibitors, but was not affected by inhibitors of other proteinase classes 
(Zhang and Jones 1996). The specificity of the 31 kD proteinase was slightly different 
from that of the 30 kD cysteine proteinase (Zhang and Jones 1996). The production of 
30kD cysteine proteinase starts at the scutellar epithelium and continues to the 
aleurone layer. Enzyme is secreted into the starchy endosperm where the bulk 
hydrolysis of the storage proteins takes place (Marttila et al 1995).  
 
Table 2.1. Properties of purified barley hordein hydrolyzing cysteine proteinases. 
Purified from/ 
germination time 
Ref.
* 
MW 
/pI 
pH optimum 
(substrate) 
    
Green malt/4 days 1 30 kD/ nd. 
 
3.8 (hemoglobin) 
Gibberellic acid treated 
embryoless half seeds/4 days 
2 37 kD/nd. 5.0 (azocasein, hemoglobin) 
Surface sterilized germinated 
barley/4days 
3 29 kD/4.2-4.3 4.5 (hordein) 
Gibberellic acid treated 
embryoless half seeds/4 days 
4 30 kD/4.6-4.7 4.5-4.6 (hemoglobin) 
Green malt/4days 5 31 kD/ 4.4 4.5 (gelatin) 
Ref.* Numbers refer to following publications: 1. Poulle and Jones, 1988; 2.Koehler 
and Ho, 1988; 3. Phillips and Wallace, 1989; 4. Koehler and Ho, 1990; 5. Zhang and 
Jones, 1996. nd. Not determined. 
 
The substrate specificities of barley cysteine proteinases have been further 
characterized using E coli expressed C hordein preparation and synthetic substrates 
(Davy et al 1998). According to Davy et al (1998) EP-B’s (Poulle and Jones, 1988, 
Phillips and Wallace 1989, Koehler and Ho 1990, Zhang and Jones, 1996) differ on 
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their substrate specificity from EP-A (Koehler and Ho1988). EP-B can tolerate proline 
at P2’ position but EP-A cannot (Davy et al 1998). 
 
The purified barley cysteine proteinases are able to hydrolyze barley hordein in vitro. 
Their appearance at the beginning of the germination and their cellular localization in 
the germinating seed make them the most potent enzymes of taking care of the bulk 
hydrolysis of hordein the major barley storage protein.  
 
Serine proteinases (EC 3.4.21)  
 
Recently hordolisin, a serine proteinase was purified from green malt (Terp et al 
2000). Hordolisin is subtilisin like proteinase of 74 kD, a pI of 6.9 and a pH optima of 
pH 6.0. The authors concluded that it is probably not important in hordein hydrolysis 
even though it was able to hydrolyze hordeins of protein bodies of developing barley 
(Terp et al 2000). A different serine proteinase, thiocalsin has been purified from 2-
day germinated wheat (Besse et al 1996). It hydrolyzed wheat gliadins and glutenins, 
but only after reduction of the enzyme and substrates by thioredoxin. Also thiocalsin 
has to be activated with calcium prior to hydrolysis (Besse et al 1996). However a 
cysteine proteinase purified from 4-day germinated wheat readily hydrolyzed wheat 
gliadin (Bottari et al 1996). 
 
Metalloproteinases (EC 3.4.24) 
 
In the literature there do not appear to be reports of purification or characterization of 
a barley seed metalloproteinase, even though their occurrence has been clearly 
established (Enari and Mikola 1967, Zhang and Jones 1995 a and b). However a 
metalloproteinase of buckwheat (Elpidina et al 1991) has been purified. A 
metalloproteinase is present in buckwheat and it initiates the hydrolysis of the storage 
proteins in vivo (Elpidina et al 1991). This proteinase has been purified, as well as its 
inhibitor, which is present in the seed. The inhibitor is located outside the protein 
bodies as is the enzyme itself. The enzyme-inhibitor complex can be dissociated in 
vitro by addition of divalent cations. The authors concluded that the storage protein 
hydrolysis is possibly initiated by phytase enzyme, which liberates divalent cations 
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from phytic acid salts. The cations would then break the complex between the enzyme 
and its inhibitor (Elpidina et al 1991). 
 
2.2.3. Storage protein hydrolysis 
 
During germination and early plantlet growth the storage proteins are degraded. In 
oats the fate of the proteins during germination is poorly known. Sutcliffe and Baset 
(1973) studied germination at 25 °C in the dark and compared the changes of storage 
compounds and corresponding enzymatic activities. Their results showed that the 
decrease of protein nitrogen inversely followed the rate of caseinolytic activity at 
pH 8.0 during the 7-day growth period. The proteinase activity increased throughout 
germination but the rate of the increase declined after two days of germination 
(Sutcliffe and Baset 1973). Wu (1983) studied the changes of nitrogen in various 
solubility fractions during germination at different temperatures up to eight days. The 
amount of albumin nitrogen as well as non-protein nitrogen increased during the 
period (at 23°C) whereas globulin and prolamin nitrogen declined as expected. The 
glutelins and residual nitrogen increased a little. The amino acid compositions during 
germination were also analyzed and it was concluded that the amount of lysine 
increased after three days and continued to rise up to eight days (Wu 1983). Kim et al 
(1979) studied the changes in proteins belonging to different solubility groups during 
germination. They analyzed amino acid compositions, nitrogen content and 
electrophoretic patterns. They found that the changes were rapid and the amounts of 
globulin and prolamin nitrogen declined considerably during the first two days of the 
germination at 20°C. However the globulin fraction was extracted at 5°C, which 
reportedly leaves a major part of the globulin un-extracted. The electrophoretic 
patterns followed those of nitrogen contents (Kim et al 1979). More recently, Peterson 
(1998) studied the differences in the chemical composition during malting of naked 
and hulled oats. Nitrogen content increased very little during five days period at 16°C 
and there was no change of the pattern in the different genotypes. 
 
In barley seed the D hordeins are first hydrolyzed in vivo followed by B and C 
hordeins (Marchylo et al 1986, Weiss et al 1992). The amount of the D hordein has 
been proposed to be a determinant of malting quality (Howard et al 1996). The 
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hydrolysis patterns of hordeins by some of the purified cysteine proteinases have been 
studied in some detail (Poulle and Jones 1988, Koehler and Ho 1988, Koehler and Ho 
1990). The ability of 30 kD cysteine proteinase to hydrolyze a hordein preparation 
(including D, C and B hordeins) was studied at pH 3.8 (Poulle and Jones 1988). 
Within the reaction period of 120 minutes the D hordein was hydrolyzed first, which 
was followed by partial hydrolysis of B and C hordeins. The in vivo hydrolysis of 
hordeins was also studied and a very similar pattern was detected. In these 
experiments both in vivo and in vitro, the B hordeins were degraded somewhat faster 
than the C hordeins (Poulle and Jones 1988). Two cysteine proteinases EP-A (Koehler 
and Ho 1988) and EP-B (Koehler and Ho 1990) were purified from embryoless half 
seeds treated with gibberellic acid. Their hordein hydrolyzing patterns were studied at 
pH 5.0 (EP-A) and at pH 4.5 (EP-B) and the results were analyzed by SDS-PAGE. 
The proteinases did hydrolyze hordeins but the individual hordein groups were not 
discussed in detail (Koehler and Ho 1990). Protein bodies isolated from developing 
endosperms of barley were subjected to hydrolysis by EP-B in presence and absence 
of reductive agent (Davy et al 2000). The results showed that D hordein was always 
hydrolyzed very fast even when the reducing agent was excluded. The hydrolysis of 
the rest of the hordein polypeptides was faster in the presence of 10 mM reducing 
agent (Davy et al 2000). 
 
Studies on the maize (corn) prolamins showed that the gamma zeins disappeared 
within the first two days of germination, with the beta and kappa zeins following soon 
thereafter. The predominant alpha zeins were more stable and persisted until after the 
other zeins were degraded (Mitsuhashi and Oaks 1994). They also showed that the 
cysteine endoproteinases, which appeared early after imbibition, hydrolyzed gamma 
zeins but not alpha zeins and that the proteinases that appeared later preferentially 
hydrolyzed the alpha zeins. 
 
2.3 Oat and barley proteinase inhibitors 
 
Protein proteinase inhibitors (PI’s) are small proteins, which specifically inhibit their 
target enzymes. One function of proteinase inhibitors is to prevent unwanted protein 
hydrolysis (Laskowski and Kato 1980). The best studied are those inhibiting serine 
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proteinases although inhibitors of other proteinase classes have also been described. 
Based on inhibition mechanism the inhibitors are divided into two classes. These are 
inhibitors employing standard mechanism and the serpins (Serine Proteinase 
Inhibitors) (Laskowski and Kato 1980, Travis and Salvesen 1983).  
 
Initially, a complex between an enzyme and inhibitor is formed but the stability of the 
complex is variable. In general the complex is very stable, however the reaction is 
reversible since the complex does dissociate. The standard mechanism inhibitors form 
a complex in which the reactive peptide bond is slowly hydrolyzed and the enzyme is 
finally deliberated. The partially hydrolyzed (modified) inhibitor is still able to form a 
complex with the enzyme but the rate of complex formation is much lower (Ryan 
1981). Serpins in turn are so called suicidal proteinase inhibitors, which are abundant 
in mammals. Some of the members have lost their inhibitory properties (Travis and 
Salvesen 1983). They form a very stable complex, which can resist harsh conditions 
such as boiling with SDS. After the complex is dissociated serpins are totally inactive 
due to conformational changes occurring after the reactive site bond is hydrolyzed 
(Travis and Salvesen 1983). For more detailed discussion on the mechanism of 
inhibitor enzyme complex and their kinetics review articles are available on standard 
mechanism inhibitors (Laskowski and Kato 1980) and serpins (Travis and Salvesen 
1983). Serpins are important in mammalian regulation of proteolysis and three-
dimensional structures of several serpins have been solved, these were reviewed by 
Whisstock et al (1998). 
 
The physiological role of proteinase inhibitors is not clear. It is possible that they 
function as protective compounds against pathogen attacks. The use of PI’s for 
improving the defense system has been proposed (Ryan 1990). Hilder et al (1987) 
produced transgenic tobacco plants expressing cowpea trypsin inhibitor. These plants 
were more resistant to predation by Heliothus virescens larvae than the control plants. 
Johnson et al (1989) working also on transgenic tobacco showed that expression of 
tomato PI’s 1 and 2 increased the resistance to Manduca sexta. Thomas et al (1995) 
described study where serpin of an insect (Manduca sexta) was expressed in tobacco. 
This serpin is an elastase-inhibitor but after mutagenesis forms that inhibit trypsin or 
chymotrypsin were also expressed. Serpins were expressed at levels of 0.05 to 0.1% of 
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total leaf protein. Several plants expressing these inhibitors were produced and several 
of those greatly decreased pupation of sweet potato whitefly type B (Bemiscia tabaci). 
 
2.3.1 Inhibitors of exogenous proteinases  
 
The classification of plant proteinase inhibitors is currently most often based on 
sequence homologies (Garcia-Olmedo et al 1987) but a classification based on 
specificity and localization has also been used (Boisen 1983). Boisen (1983) reviewed 
the data of cereal proteinase inhibitors known at the time and proposed a classification 
based on enzyme(s) inhibited and cellular localization. This classification did not yet 
include cereal serpins (protein Z). The system has its deficiencies but is useful when 
no sequence data are available. Garcia-Olmedo et al (1987) reviewed the data, which 
were available at the time when the sequence homology between some proteinase 
inhibitors and alpha-amylase inhibitors was discovered. Protein Z was also classified 
(on the basis of sequence homology) as an inhibitor, even though inhibition activity 
had not been shown. 
 
Only a few reports of the characteristics of oat (Avena sativa) trypsin and 
chymotrypsin inhibitors have been published. This is probably due to the low 
inhibition activities detected (Boisen 1983). Fractionation of oat extract by ion 
exchange and gel filtration chromatographies indicated a single trypsin-inhibiting 
peak of apparent molecular weight of 43.5 kD (Mikola and Kirsi 1972). Hejgaard 
(1981) used IEF and specific staining of subtilisin inhibitors and showed that three 
inhibitors of different isoelectric points are present in oat seeds. Laporte and 
Tremolieres (1962) studied water extracts of different cereals and their trypsin and 
chymotrypsin inhibiting activities. They showed low chymotrypsin and pancreas 
extract inhibiting activities in oat extracts; only activities of rice extracts were lower 
than those of oats. Boiling lowered the trypsin inhibiting activity of oats extract to 
18% of the original activity and treatment with pepsin totally destroyed the activity 
(Laporte and Tremolieres 1962). Pernollet et al (1989) characterized ethanol-water 
soluble oat proteins and in addition to the true prolamins they purified two alpha 
amylase/trypsin inhibitors, which were detected by their N-terminal sequence. No 
further characterization of these inhibitors has been published. 
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Several proteinase inhibitors from barley, wheat and rye have been purified and 
characterized (Boisen 1983). Two different types of barley chymotrypsin inhibitors 
were purified (Boisen et al 1981), both of which existed in multiple molecular forms 
of different isoelectric points. Also barley protein Z7 has a weak inhibitory effect 
towards chymotrypsin (Lundgard and Svenson, 1989). Chymotrypsin-inhibiting 
protein Z type serpin has been purified from wheat (Rosenkrands et al 1994) E. coli 
has also successfully been used to express wheat serpin (WSZ1), barley BSZx and 
BSZ4 (Dahl et al. 1996). These recombinant proteins all had inhibitory effects against 
human cathepsin G, two of them, BSZx, and WSZ1, also inhibited chymotrypsin and 
BSZx additionally inhibited trypsin (Dahl et al. 1996). Recently six different serpins 
were detected in wheat and five of these have been cloned and expressed in E coli 
(Östergaard et al 2000). The reactive center loops of all but one of these resembled 
repetitive sequences in wheat prolamins. None of the serpins inhibited barley EP-B or 
hordolisin. It is possible that these serpins are directed to storage protein hydrolyzing 
proteinases of endogenous or exogenous origin (Östergaard et al 2000). 
 
Standard mechanism barley trypsin inhibitors have been purified and characterized. A 
heat stable inhibitor from endosperm (Mikola and Suolinna 1969) and two different 
inhibitors from the embryo (Boisen and Djurtoft 1982) have been purified and 
characterized. Bruhn and Djurtoft (1977) used Iso Electric Focusing (IEF) and specific 
staining of the inhibitors to study localization and effects of germination on the trypsin 
and chymotrypsin inhibitors of barley seeds. They found five different trypsin 
inhibitors in the endosperm and eight in the embryo. Five chymotrypsin inhibitors 
were detected in the endosperm but only one minor activity in the embryo (Bruhn and 
Djurtoft 1977). Kirsi (1973) showed that there were differences between the trypsin 
inhibiting activities of barley cultivars. Kirsi and Ahokas (1983) detected differences 
in the trypsin inhibiting activities between cultivated and wild forms of barley. More 
recently Ladogina (1997) used electrophoretic method to study the trypsin inhibitors 
of wild and cultivated barleys and showed that there were differences between the 
trypsin inhibiting activities of the variants. It was also shown that several different 
inhibitors were present in the cultivars and that one of the inhibitors was only found in 
the wild barley. 
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The localization of the cereal proteinase inhibitors has been mostly studied by 
dissecting the seed and analyzing the activities in extracts prepared from different seed 
parts. Mikola and Kirsi (1972) showed that the trypsin inhibiting activities of oat, 
barley, rye, and wheat endosperms were at least threefold lower than the 
corresponding activities in the embryos. Localization of barley chymotrypsin inhibitor 
2 in developing endosperms has been studied using immunological methods. The 
protein is localized in the endosperm and it has been shown using 
immunomicroscopical techniques that the barley chymotrypsin inhibitor 2 is deposited 
in the protein bodies (Rasmussen et al. 1990). 
 
2.3.2 Inhibitors of endogenous proteinases 
 
Only a few studies of endogenous inhibitors of cereal proteinases have been reported. 
Enari et al (1964) described the inhibitory effect of proteins extracted from resting 
barley seeds on the solubilization of proteins during mashing. Enari and Mikola 
(1967) showed that inhibitors extracted from barley could inhibit 85% of proteinase 
activity present in green malt. They measured both sulphydryl proteinase and 
metalloproteinase inhibition and concluded that enzymes of both groups are inhibited. 
This inhibitory activity lowered during malting to less than half of the original activity 
in three days and further to approximately one tenth in nine days (Enari and Mikola 
1967). Using two different barley cultivars Mikola and Enari (1970) found that the 
endopeptidase inhibiting activity disappeared from the germinating seed before the 
rise of the endopeptidase activity. They concluded that the rise of the endopeptidase 
activity is not due to the destruction of the inhibitory activity because the original 
inhibitory activity is too low and it does disappear before the rise of endopeptidase 
activity (Mikola and Enari 1970). 
 
Jones and Marinac (1991) have shown inhibition of barley malt proteinases by 
proteins present in the barley. They partially purified an 8 kD, water-soluble protein, 
which inhibited malt proteinases. This protein was stable during boiling and it 
inhibited up to 75% of the endoproteinase activity of germinated (malted) barley. 
Furthermore, the same inhibitor was shown to be present in kilned malt in amounts 
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high enough to affect the proteolysis during mashing (Jones and Marinac 1995). The 
inhibitor preferentially inhibits the malt cysteine proteinases, which are probably the 
major storage protein hydrolyzing proteinases during germination (Jones and Marinac 
1995). The partial amino acid sequence of purified inhibitor was used to identify the 
protein (Jones and Marinac 1997). It was identical to Probable Amylase/Proteinase 
inhibitor (PAPI) which has also been described as Lipid Transfer Protein (LTP) when 
purified from other species. This LTP1-PAPI extracted from barley and beer inhibited 
several barley malt endoproteinases active at different pH values. It also inhibits the 
hydrolytic activity of purified malt 31 kD cysteine proteinase (Jones and Marinac 
1997). It is possible that modified (beer foam) LTP1, is a preferred substrate of EP-B, 
instead of being an inhibitor (Davy et al 1999) since in vitro it is hydrolyzed by EP-B. 
A second cysteine proteinase inhibitor (approximately 7 kD), named LTP2 was 
recently purified from barley and it did inhibit same cysteine proteinases as did LTP1-
PAPI (Jones and Marinac 2000). The structures as well as possible biological and 
cereal technological functions of LTP’s have been recently reviewed by Douliez et al 
(2000). 
 
2.3.3 Proteinase inhibitors during germination 
 
During germination also the proteinase inhibitors apparently will be hydrolyzed to 
provide amino acids for use of the newly forming plantlet. The hydrolysis of cereal 
proteinase inhibitors during the germination has not been studied but some data has 
been gathered concerning the inactivation of some of the inhibitors. Malting, 
controlled germination of barley affects the trypsin inhibiting and Aspergillus alkaline 
proteinase inhibiting activities (Mikola and Enari 1970). The trypsin inhibiting 
activity starts to decline after the third day of germination but levels off around the 
sixth day, the activity is not affected by kilning. The inactivation of Aspergillus 
proteinase was similar to the disappearance of trypsin inhibition activity but kilning 
did decrease the remaining activity by approximately one third (Mikola and Enari 
1970). During germination (at 20°C) trypsin, Aspergillus proteinase and endogenous 
proteinase inhibiting activities of barley endosperms disappeared in four to five days 
(Kirsi and Mikola 1971). In the embryo, the Aspergillus proteinase inhibiting activity 
per seedling rose whereas the two other activities remained approximately at the same 
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level (Kirsi and Mikola 1971). Kirsi at (1974) further studied trypsin and Aspergillus 
proteinase inhibiting activities in germinating barley embryos. The trypsin inhibitor 
content of the seedling remained constant and it was concluded that the activity was 
due to the same inhibitor, which was present in the resting embryo (Kirsi 1974). 
During 6-day germination the Aspergillus proteinase-inhibiting activity in the embryo 
increased 20-fold and no major change in the molecular weight distribution of the 
inhibitors was detected (Kirsi 1974). 
 
Bruhn and Djurtoft (1977) applied a qualitative method consisting of IEF and specific 
staining of trypsin and chymotrypsin inhibitors to study the effect of germination on 
the barley inhibitors. The number of inhibitor zones decreased during nine-day 
(aseptic) germination in the dark. They also dissected the organs from 6-day 
germinated seeds and analyzed them separately. In the embryo only one weak 
chymotrypsin-inhibiting band was detected and it disappeared during germination. 
The number of trypsin inhibiting activities diminished from eight before germination 
to one at the end of the period. In the endosperm all of the chymotrypsin inhibitors 
disappeared and the number of trypsin inhibitors diminished from five at the 
beginning to two at the end of germination. The coleoptiles contained one of each of 
the inhibitors whereas the rootlets contained these same inhibitors and one additional 
trypsin and one additional chymotrypsin inhibitor (Bruhn and Djurtoft 1977). 
 
There are no published data on the endogenous cereal seed proteinases, which 
inactivate or hydrolyze seed proteinase inhibitors. However it has been shown that 
soybean Kunitz trypsin inhibitor is degraded in vivo through a partially degraded 
modified form (Wilson et al 1988). This intermediate appeared after four days of 
germination and the total amount of the native and modified inhibitor remained 
approximately constant up to eight days after which it started to decline (Wilson et al 
1988). Later on they purified a cysteine protease of MW 29 kD which degrades 
soybean Kunitz trypsin inhibitor in vitro to the same modified form which appears in 
vivo (Papastoitis and Wilson 1991). The protease was not present in the resting seeds 
and it was purified from 4-day germinated cotyledons. This proteinase had a sharp pH 
optimum between pH 3.5-4.0 with no activity above pH 4.5. It was also shown that 
the same protease degrades soybean Bowman-Birk inhibitor as well as glycinin 
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subunits (Papastoitis and Wilson 1991). On the other hand, in mung bean a trypsin 
inhibitor (Bowman-Birk type) is present and two different products of limited 
hydrolysis appear during germination (Wilson and Chen 1983). A serine proteinase, 
which is responsible for the initiation of the degradation of the inhibitor, is already 
present in resting seeds (Wilson and Tan-Wilson 1987). This 65 kD proteinase was 
partially purified from resting seeds and it showed pH optimum between pH 4.5-5.0 
for conversion of native inhibitor to the modified form (Wilson and Tan-Wilson 
1987). 
 
 3 AIM OF THE PRESENT STUDY 
 
Oats are a nutritionally valuable but underutilized food source. Oats are important to 
Finnish agriculture, being the second largest cereal crop cultivated after barley. 
Finland also is one of the major exporters of oats worldwide. Interest in oats has been 
rising since the 1980’s due to the reports of its cholesterol lowering effects (Welch 
1995), its suitability to celiac patients (Janatuinen et al 1995), and health claim of oats 
on prevention of heart diseases (Food and Drug Administration 1997). The 
Department of Food Technology, University of Helsinki has had a long-term research 
interest in oats and different classical and novel food applications of this cereal. When 
this study was started very little published data were available on either the proteolytic 
enzymes or the proteinase inhibitors of oat seeds. The major aim of my study was to 
characterize and clarify the role of proteolytic enzymes and proteinase inhibitors of 
oat seeds to gather data for possible future studies for expanding the use of oats. The 
specific aims of my study were to answer the following questions: 
1. What kinds of trypsin and chymotrypsin inhibitors exist in the seeds of oats and, 
more specifically, when and how are they inactivated during germination? These 
questions are a topic of the first publication (I). It was evident that serine proteinases 
present in the resting and germinated seeds could inactivate some of these proteinase 
inhibitors at pH 6.2. 
2. The aforementioned results led to the question: what kinds of proteinases are 
present in the germinated seeds? In the second publication (II) of the study the 
proteinases that are present in 4-day germinated seeds and are active at pH 6.2, were 
partially characterized using gelatin and its colored derivative azogelatin as substrates.  
3. The next question was: do these proteinases also hydrolyze the main oat storage 
proteins during germination? This question was answered in two separate studies in 
which the globulin hydrolyzing (III) and avenin hydrolyzing (IV) proteinases were 
characterized. 
 
 4 MATERIALS AND METHODS 
 
The details of the materials and methods are described in the original publications (I-
IV) and only an overview is given below. 
 
4.1 Plant material, germination and extractions 
 
Seeds of two oat (Avena sativa) cultivars were used for this study. Most of the 
research (publications I, III and IV) was carried out with a Finnish cultivar, ‘Veli’, 
which currently accounts for about 30 % of the total oat cultivation in Finland. These 
seeds were obtained from the Agricultural Research Center of Finland, Jokioinen. One 
part, (publication II) of this study, was done during my visit in the US. Department of 
Agriculture laboratory in Madison, Wisconsin with an American cultivar, ‘Gem’ that 
was obtained from the Department of Agronomy, University of Wisconsin, Madison. 
The hulls of Veli were removed (I, III and IV) by hand and the seeds were surface 
sterilized with 1% sodium hypochlorite prior to germination according to Mikola and 
Mikola (1980) with minor modifications that are described in the original 
publications. Germination was carried out aseptically on 0.5% agar plates, either at 
20°C for four days (I) or at 16°C for eight days (III and IV). The seeds of Gem oats 
were malted at 16 °C at 100% humidity up to four days with their hulls intact (II). 
 
Proteinase inhibitors (I) were extracted with 20 mM Tris-HCl, pH 8.0, at room 
temperature for 1 hr followed by centrifugation. The proteinases (II, III and IV) were 
extracted with 50 mM sodium acetate, pH 5.0, for 1 h at 4°C followed by 
centrifugation as described by Zhang and Jones (1995a) with minor modifications 
listed in II. 
 
4.2 Electrophoretic methods 
 
The analytical methods used during this study were, in most cases, based on 
electrophoresis and differential staining of activity and protein. A variety of 
electrophoretic separations including native polyacrylamide gel electrophoresis 
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(PAGE) and sodium dodecyl sulphate PAGE (SDS-PAGE) as well as two-
dimensional (2-D) electrophoresis including an iso electric focusing (IEF) and PAGE 
were applied. These electrophoretic methods gave us opportunities to study both the 
endoproteinases and their substrates at the qualitative and, in some cases, at a semi-
quantitative level.  
 
The trypsin and chymotrypsin inhibitors were separated by native PAGE (I) according 
to Ornstein (1964) and Davis (1964) followed by specific staining of the inhibitors as 
originally described by Uriel and Berges (1968). These staining methods are based on 
immersion of the gels in enzyme solution after separation of the inhibitors. The gel is 
then incubated in a solution of a chromogenic substrate and clear unstained areas 
appear on a pink background where the enzyme has been inhibited. This method 
makes it possible to analyze separated activities without laborious purification 
procedures. 
 
In the second part (II) native PAGE and two-dimensional electrophoresis were used to 
separate the proteinases. Proteolytic activities were then detected by hydrolysis of gel-
incorporated gelatin substrate (Wrobel and Jones 1992). After the proteinases were 
separated, the gels were incubated under controlled conditions overnight followed by 
staining with Amido Black protein stain. The proteolytic activities appeared as clear 
bands or spots on a dark blue background. In part III of this work, the gelatin substrate 
used earlier was replaced with endogenous oat globulin preparation. 
 
A major part of experiments in the third (III) and all of the fourth (VI) part were in 
vitro digestions of endogenous storage protein substrates, globulins and avenins 
extracted from resting seeds of oat. The hydrolysis products of the substrates were 
then analyzed using nonreducing SDS-PAGE.  
 
4.3 Spectrophotometric measurements 
 
To support the qualitative data obtained with electrophoretic methods quantitative 
measurements were made. The proteinase inhibitor activities were measured using 
methods modified from Kakade et al (1969) for trypsin inhibition and Erlanger et al 
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(1966) for chymotrypsin as described in detail in (I). Both of these methods are based 
on using synthetic chromogenic substrates and the results were given as the weight of 
enzyme inhibited. The azogelatinase activity (II) was measured using method of Jones 
et al (1998). Azogelatin is a chromogenic derivative of gelatin and the dye liberated 
during enzymatic hydrolysis is measured at 440 nm. The results obtained were shown 
by comparing the changes of absorbances. 
 
4.4 Classification of proteinases using class-specific inhibitors 
 
Endoproteinases are divided into four classes as discussed in the literature review. 
Class-specific proteinase inhibitors are used for the classification of the proteinases 
into these classes. The class-specific inhibitors used during this study and their 
concentrations in the incubation mixtures are listed in table 4.1.  
 
Table 4.1. Class-specific proteinase inhibitors used in this study. 
Inhibitor Proteinase class 
inhibited 
Concentration in 
reaction mixtures 
Used in 
Ethylenediaminetetra-
acetic acid (EDTA) 
Metalloproteinases 5 mM I, III, IV 
O-phenanthroline Metalloproteinases 1 mM II, III, IV 
Leupeptin Cysteine and some 
serine proteinases 
10 µM I 
Pepstatin A Aspartic proteinases 20 µM I, II, III, IV 
Phenylmethylsulphonyl-
fluoride (PMSF) 
Serine proteinases  8-10 mM I, II, III, IV 
Trans-epoxysuccinyl-L-
lucylamid (4-guanidino) 
butane (E-64) 
Cysteine proteinases 10 µM I, II, III, IV 
 
 
 5 RESULTS 
 
5.1 Occurrence and stabilities of oat trypsin and chymotrypsin inhibitors. 
 
Proteinaceous inhibitors of exogenous proteinases are abundant in cereal seeds and 
may serve as defensive agents (Ryan 1990). In the current study it was shown that 
seeds of oats contain two groups of both trypsin and chymotrypsin inhibitors. These 
were studied in terms of their stabilities to different treatments. Two of the major aims 
were to show: 1) at what stage of germination the inhibitors lose their inhibitory 
activities and 2) what kinds of proteinases of resting and germinated seeds can 
inactivate them.  
 
Both trypsin and chymotrypsin inhibitors are classified according to their thermal 
stabilities. Heat labile inhibitors were inactivated at 80°C in 30 minutes. The second 
group was stable after 30 minutes at 100°C, even though a reduction in the intensities 
of the bands was detected. The pH stabilities again divided both trypsin and 
chymotrypsin inhibitors into the same two groups. A stable group of inhibitors was 
still active after treatment at pH 2.0 but a labile group was inactivated at pH values 
below 3.3. Those activities that were more sensitive to heat and low pH are here 
called labile inhibitors. 
 
The labile inhibitors were inactivated two days after onset of germination (imbibition) 
at 20°C, whereas the stable chymotrypsin inhibitors were inactivated three days after 
imbibition. In these studies the stable trypsin inhibitors were not adequately separated 
and are therefore not discussed. To study what kind of oat seed proteinases inactivated 
these inhibitors, an extract prepared from the resting seeds was incubated in the 
presence and absence of class-specific proteinase inhibitors. After incubation for 22 
hours at 20°C (pH 6.2) the labile inhibitors were inactivated. Addition of PMSF, a 
serine proteinase inhibitor, prevented the inactivation but additions of other class-
specific proteinase inhibitors had no effect. The effects of proteinases extracted from 
4-day germinated seeds were then studied in a similar manner and it was shown that 
again the serine proteinases inactivated the labile inhibitors. Even though no effect on 
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hydrolysis was detected upon addition of other class-specific proteinase inhibitors, 
EDTA and PMSF together inhibited more effectively than PMSF alone. In both of 
these experiments the stable chymotrypsin inhibitors maintained their activities during 
the incubations. Thus, during germination they are probably inactivated by different 
proteinases. 
 
5.2 Proteinase activities of germinated oat seeds at pH 6.2. 
 
Some of the trypsin and chymotrypsin inhibiting activities were inactivated by serine 
proteinases that were present in both resting and germinated oat seeds (I). To study 
their occurrence in germinated seeds two methods were employed.  
 
The number and intensity of the active bands increased until the third day of 
germination but not after that, when analyzed by one-dimensional PAGE method at 
pH 8.0, 6.2 and 3.8. The pH of 4-day germinated oat seed endosperms was pH 6.2 
when it was measured from an extract made from germinated seed endosperms and 
water (1:10 w/v); so the following experiments were carried out at this pH value. 
Several different activities were detected when the 2-dimensional electrophoretic 
method was used with gelatin as substrate. These activities were further characterized 
by adding class-specific proteinase inhibitors to incubation mixtures of the gels with 
the gelatin substrate. The major activity in these conditions was caused by serine 
proteinase(s), but several metalloproteinase activities were also detected. The 
occurrence of the proteinases detected by 2-D PAGE and class-specific proteinase 
inhibitors is illustrated in Figure 1 showing the positions of different activities in a 
gel. 
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Figure 1. A diagram of pH 6.2 active proteinases analyzed by 2-D PAGE and gel 
incorporated gelatin substrate. Data for the diagram were collected from a series of 
gels. For details see (II). 
 
The quantitative measurements of 4-day germinated seed proteinase activities were 
performed in test tubes using azogelatin as a substrate and measuring the amount of 
released dye at 440 nm. The cysteine proteinases need some reducing agent for their 
activities, whereas the metalloproteinases often need Zn2+ ions. Also, a Ca2+ 
dependent serine proteinase has been described from wheat (Besse et al 1996). In the 
current study, we showed that the addition of cysteine as a reducing agent, together 
with calcium ions, increased the germinated oat azogelatinase activities approximately 
2.5-fold. In the presence of cysteine alone the activities increased as the cysteine 
concentration was raised to 4 mM, however concentrations higher than this decreased 
the activity. The addition of calcium alone raised the activity somewhat, but zinc ions 
did not have any effect. A similar effect of calcium in the presence of cysteine, which 
increased the azogelatin hydrolyzing activity in quantitative measurements, was not 
detected in gel experiments. The effect of class-specific inhibitors in the presence of 
8 mM cysteine and 10 mM calcium showed that in the solution the cysteine 
proteinases accounted for about 30% and serine and metalloproteinases about15% 
each of the total proteolytic activity in 4-day germinated seeds at pH 6.2. The rest of 
the activity was not inhibited by any of the inhibitors tested here. 
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5.3 The proteinases of germinated oat seeds that hydrolyze oat globulins 
 
The proteinases of germinated seeds that hydrolyze the major oat storage proteins, 
globulins, were studied. Globulins extracted from resting seeds were co-polymerized 
into native-PAGE gels to serve as substrates for the proteinases extracted from seeds 
germinated for different time periods. After electrophoresis, identical gels were 
incubated at pH 3.8 and at pH 6.2. According to these results no hydrolysis occurred 
at pH 6.2, the pH of germinated oats endosperm measured above (II). At pH 3.8 very 
weak activities were detected after 2-day germination and thereafter. The major 
activity hydrolyzing the globulin substrate was only detected after 5-day germination 
and until the end of the 8-day germination period. Attempts to analyze this activity 
using class-specific inhibitors or using the 2-D method were unsuccessful. For this 
reason a method was developed in which the hydrolysis was performed in vitro and 
the hydrolysis products were analyzed by unreducing SDS-PAGE.  
 
Studies with 4-day germinated seed endosperm proteinases were performed using the 
in vitro method. This was done to evaluate the effect of the proteinases that were 
present before the major activity was detected using the ‘in gel’ method. Proteinases 
extracted from the endosperms of 4-day germinated seeds were incubated at pH 3.8 
with a globulin fraction that was extracted from resting seeds and the hydrolysis 
products were analyzed by SDS-PAGE (Figure 2). The results showed that the 
globulin substrate was partially hydrolyzed and that an ‘intermediate molecular weight 
(34.5 kD) peptide’ (IMWP) was formed during hydrolysis. This hydrolysis was totally 
prevented by the addition of E-64, a cysteine proteinase inhibitor. Inhibitors of other 
proteinase classes had no effect on the hydrolysis. The addition of a second aliquot of 
enzyme extract to the reaction mixture during the incubation period tested the 
adequacy of the amount of enzymes. This addition did not change the pattern of the 
reaction products. These results show that cysteine proteinases extracted from 4-day 
germinated seeds hydrolyzed oat globulins at pH 3.8, forming a 34.5 kD product that 
remained at least partially unhydrolyzed. The effects of class-specific inhibitors on the 
4-day germinated seed proteinases analyzed by 12% SDS-PAGE are shown in Figure 
2. 
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Figure 2. In vitro oat globulin hydrolysis by endoproteinases extracted from 4-day 
germinated oats. Globulins extracted from resting seeds were incubated at pH 3.8 with 
endoproteinase extracts for 24 hours. Hydrolysis products were analyzed by 12 % 
SDS-PAGE in unreducing conditions. Hydrolysis times and class-specific inhibitors: 
lane 1, 0 h, E-64; lane 2, 24 h, E-64; lane 3, 0 h, PMSF;lane 4, 24 h, PMSF; lane 5, 0 
h, pepstatin A; lane 6, 24 h, pepstatin A; lane 7, 0 hr, EDTA; lane 8, 24 h, EDTA; lane 
9, 0 h, control; lane 10, 24 h, control; lane 11,molecular weight standard; lane 12, 24 
h, pepstatin A, E-64, PMSF; lane 13, 24 h,E-64, EDTA, PMSF; lane 14, 24 h, 
pepstatin A, EDTA, PMSF; lane 15, 24 h, pepstatin A, E-64, EDTA. 
 
We then studied the proteinases extracted from endosperms of 8-day germinated 
seeds, where the major activity was detected above using the ‘in gel’ assay. These 
proteinases hydrolyzed the globulins during the 24-h reaction period, to peptides 
undetectable by SDS-PAGE with12 % homogenous acrylamide gels. This hydrolysis 
was totally inhibited by E-64, whereas the other class-specific proteinase inhibitors 
had no effect. Since the hydrolysis was apparently complete after 24 h, samples were 
taken after shorter periods of incubation. The 34.5 kD peptide was detected again in 
the beginning of the reaction. It appears, therefore, that cysteine proteinases extracted 
from 8-day germinated seeds hydrolyze the oat globulins at pH 3.8 via the IMWP 
described above. 
 
We had already shown that the addition of cysteine and calcium ions to the reaction 
mixtures raised the germinated oat azogelatin hydrolysis rate by 2.5-fold (II). 
Therefore, we used an in vitro method to test whether the addition of these 
compounds affected the hydrolysis of oat globulins by germinated oat proteinases at 
pH values 3.8, 5.0, and 6.2. Very little hydrolysis occurred at pH 6.2 within the 24-h 
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reaction period. At pH 5.0 the globulins were partially hydrolyzed and the 
intermediate peptide was detected. At pH 3.8 the hydrolysis was complete so that the 
products could not be detected by 12% SDS-PAGE. However no difference could be 
detected in the level of globulin hydrolysis between reaction mixtures with or without 
cysteine and calcium. 
 
 
 
Figure 3. In vivo changes of oat globulins during malting of Veli oats at 15°C. 
Freeze dried hand hulled seeds (1g) were first extracted with acetone to remove lipids, 
then the albumins were extracted with 50 mM tris pH 8.0 followed by two washes 
with water. The globulins were then extracted using 50 mM tris pH 8.0 including 1 M 
NaCl. All steps were performed at 25°C for 1 h using 6 ml of solvent. The globulins 
were then analyzed using unreducing SDS-PAGE in 12 % gel and stained with 
coomassie blue. Numbers above the lanes indicate days of germination and X 
indicates the in vitro products of globulin hydrolysis by 8-day germinated seed 
proteinases at pH 5.0 after 24 h incubation. The arrows on the left indicate the 
positions of native globulin and IMWP. Numbers on right indicate the positions of 
molecular weight markers (unpublished results, Dr. T. Sontag-Strohm, University  
of Helsinki). 
Simultaneously with this study a separate study was performed of the in vivo changes 
in oat proteins that occurred during malting (unpublished results, Sontag-Strohm 
University of Helsinki). These protein changes were followed through an 8-day, 15°C 
malting that was performed in a Joe White malting apparatus. The results showed that 
globulins (soluble in 50 mM Tris-HCl, pH 8.0, 1 M NaCl, at 25°C) degraded slowly 
during this time (Figure 3) with a globulin dimer band (indicated as ‘native globulin’ 
in the figure 3) becoming less distinct between the third and fourth days of 
germination. A new protein appeared in the 35 kD region (indicated as ‘IMWP’ in the 
Figure 3) after four days of germination and was still visible after 8 days of 
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germination (Figure 3). A globulin sample extracted from 8-day germinated seeds was 
then analyzed adjacent to a sample from an in vitro experiment (III) sample that 
contained the intermediate molecular weight peptide. This was done to determine 
whether these two proteins had similar electrophoretic mobilities. These results clearly 
showed that the new protein that appeared in vivo had the same molecular weight as 
the intermediate molecular weight peptide detected during in vitro hydrolysis (Figure 
3). The results obtained in vitro were consistent with in vivo experiments. 
 
5.4 The proteinases of germinated oat seeds that hydrolyze avenins  
 
Avenins, the oat prolamins, are the second largest oat storage protein group, after the 
globulins. The avenins consist of alpha-avenins and beta-avenins, which cannot 
readily be extracted separately. For the purpose of this study, the beta-avenin group 
was further divided into beta1- (higher MW) and beta2- (lower MW) avenins. This 
heterogeneity allowed us to study the proteinases that hydrolyzed avenins by using the 
in vitro method, where the disappearance of individual (substrate) proteins could be 
detected using SDS-PAGE. Avenins were extracted from resting seeds by aqueous 
alcohol. The preparation included the peptide groups described above. The proteinases 
were then studied using this preparation as a substrate. 
 
The conditions suitable for avenin hydrolysis were studied by hydrolyzing the avenin 
preparation by proteinases that were extracted from the endosperms of 8-day 
germinated seeds. Three different pH values (pH 6.2, 5.0, and 3.8) were tested and the 
hydrolysis products were analyzed using unreducing 12 % homogenous SDS-PAGE. 
The results showed that the avenins were most rapidly hydrolyzed at pH 3.8. This pH 
was thus used to assay for the presence of avenin hydrolyzing proteinases in samples 
collected during the course of an 8-day germination. Proteinase activities that 
hydrolyzed alpha-avenins appeared on the third day of germination and were present 
thereafter. Proteinases that hydrolyzed beta-avenins were detected considerably later. 
The beta2-avenins were hydrolyzed by proteinases extracted from seeds that had been 
germinated for six days or longer, whereas the beta1-avenins were only completely 
hydrolyzed by endoproteinases that were extracted from 8-day germinated seeds.  
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Proteinases extracted from 4-day germinated seeds hydrolyzed the alpha-avenins and 
these were studied more thoroughly using gradient (8-16%) SDS-PAGE gels. This 
hydrolysis was totally prevented by the addition of E-64, a cysteine proteinases 
inhibitor. The specific inhibitors of other proteinase classes did not affect the extent of 
hydrolysis. Thus the cysteine proteinases present in 4-day germinated seeds 
hydrolyzed the alpha-avenins. 
 
The hydrolysis of beta-avenins in vitro was studied using proteinase extracts from 8-
day germinated seeds at pH 3.8 and by analyzing the hydrolysis products by SDS-
PAGE gels containing 12% acrylamide. Again, it was evident that the cysteine 
proteinases were responsible for the hydrolysis since E-64 inhibited the reaction and 
no other class-specific inhibitors had an effect. It also appeared that during the 
hydrolysis the alpha-avenins disappeared first, which was followed by the beta2-
avenins and finally the beta1-avenins. Here, again, the addition of calcium and 
cysteine did not affect the extent of hydrolysis. 
 
 6 DISCUSSION 
 
During this study, the oat seed proteinases were analyzed using several different 
substrates. The major results are listed in table 6.1. 
 
Table 6.1. The major results of this study 
Substrate/enzymes 
extracted after # of 
days of germination 
Proteinase class 
hydrolyzing 
pH tested 
(most effective 
pH bolded) 
Effect of 
Cysteine and 
Ca 
Remarks 
(Publication #) 
Oat labile inhibitors/ 
0d 
Serine proteinase 6.2 Not tested (I) 
Oat labile inhibitors/ 
4d 
Serine proteinase 6.2 Not tested Inhibition better when 
EDTA added with 
PMSF (I) 
Gelatin/ 4d Serine and 
metalloproteinases 
6.2 No (II) 
Azogelatin/ 4d Cysteine (30%), 
serine (15%), 
metallo (15%) 
proteinases 
6.2 Yes (II) 
Oat globulins/ 4d Cysteine proteinase 3.8, 5.0, 6.2 Not tested IMWP un-hydrolyzed 
(III) 
Oat globulins/ 8d Cysteine proteinase 3.8, 5.0, 6.2 No Hydrolyzed completely 
through IMWP (III) 
Avenins/ 4d Cysteine proteinase 3.8, 5.0, 6.2 No Only alpha-avenins 
hydrolyzed (IV) 
Avenins/ 8d Cysteine proteinase 3.8, 5.0, 6.2 No Alpha avenins 
hydrolyzed prior to beta 
avenins (IV) 
 
6.1. Proteinases that are active at pH 6.2 
 
At least two types of trypsin and chymotrypsin inhibitors exist in oat seeds, which 
differ in their thermal and pH stabilities. We have shown that serine proteinases that 
are present in both resting and germinated seeds could inactivate the labile trypsin and 
chymotrypsin inhibitors of oat seeds at pH 6.2 (I). Germinated seed proteinases that 
are active at pH 6.2, the pH of germinated seed endosperm, were further analyzed 
using the exogenous substrates gelatin and azogelatin. Serine and metalloproteinases 
were detected using gel-incorporated gelatin substrate. Enzymes that hydrolyzed 
azogelatin were strongly affected by the simultaneous addition of cysteine and 
calcium. The addition of calcium raised the activity somewhat, but not as much as 
when it was added together with cysteine. The addition of up to 4 mM cysteine also 
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raised the activity, but higher concentrations decreased it. Cysteine proteinases were 
the major azogelatin hydrolyzing activities followed by serine and metalloproteinases 
at pH 6.2 (II).  
 
The pH of germinating barley endosperm is around five during seven days of 
germination (Mikola and Mikola 1980), and it has been shown that separated 
germinated barley aleurone layers acidify their surroundings (Drodzowicz and Jones 
1995). Whether the oat aleurone can acidify its surroundings like the barley aleurone 
remains to be shown. If so, it might be possible that low pH conditions occur within 
the zone of hydrolysis that proceeds through the endosperm during germination. The 
protein bodies, which in oats are not disrupted during maturation as those of wheat, 
rye and barley, might serve as low pH areas although there are no published data on 
whether any membrane structures are present around the protein bodies. 
 
There are no published data on the endogenous cereal seed proteinases that inactivate 
or hydrolyze seed proteinase inhibitors. In soybean, a legume, it has been shown that 
the Kunitz trypsin inhibitor is hydrolyzed in vivo via a partially degraded and modified 
form (Wilson et al 1988). This modified form appeared on the fourth day of 
germination and the total amount of the native and modified inhibitor remained 
approximately constant for up to eight days, after which it started to decline (Wilson 
et al 1988). Cysteine proteinase of 29 kD has been purified, which degrades Kunitz 
trypsin inhibitor in vitro to the same modified form that appears in vivo (Papastoitis 
and Wilson 1991). The protease is not present in the resting seeds. It was purified 
from 4-day old germinated cotyledons. This proteinase had a sharp pH optimum 
between pH 3.5-4.0 with no activity above pH 4.5. It also was shown that the same 
protease degrades soybean Bowman-Birk inhibitor as well as glycinin subunits 
(Papastoitis and Wilson 1991). Different results have been reported for mung bean; a 
trypsin inhibitor (Bowman-Birk type) is present in mung bean and two different 
partial degradation products appear during germination (Wilson and Chen 1983). A 
serine proteinase, which is responsible for the initiation of the degradation of the 
inhibitor, is already present in resting seeds (Wilson and Tan-Wilson 1987). This 
proteinase was partially purified from resting seeds and it showed a pH optimum 
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between pH 4.5-5.0 for the conversion of native inhibitor to the modified form 
(Wilson and Tan-Wilson 1987).  
 
In this study the oat labile trypsin and chymotrypsin inhibitors were inactivated by 
serine proteinase(s) present in both resting and germinated seeds (I), indicating that 
proteinase(s) comparable to that of mung bean inhibitor hydrolyzing proteinase are 
involved (Wilson and Tan-Wilson 1987). The stable chymotrypsin inhibitors of oats 
were not inactivated at pH 6.2 (I). These results, together with the results showing 
somewhat different inactivation of inhibitors in vivo, may indicate that oat seeds have 
two different proteolytic systems for inactivation: one for the labile trypsin and 
chymotrypsin inhibitors and another for the stable chymotrypsin inhibitors. Future 
studies will hopefully show if this hypothesis is correct. 
 
The activity of thiocalsin, a serine proteinase of germinated wheat endosperm is 
dependent on calcium and a reducing agent (Besse et al 1996). In this study it 
appeared that the labile inhibitors were not inactivated by proteinases from germinated 
seeds in the presence of PMSF. Furthermore, EDTA together with PMSF was even 
more effective in inhibiting the proteinases. Since EDTA is a chelator, it may have 
chelated metal ions (for example calcium) in the reaction mixtures and in that way 
further inhibited the proteinases. It is also possible that if serine proteinases are 
inhibited, the metalloproteinases are able to inactivate these trypsin and chymotrypsin 
inhibitors. Also, it was evident that at pH 6.2 the addition of both calcium and 
cysteine to the reaction mixture strongly affected the azogelatinase activity of 
germinated oat endoproteinase extract (II). In this study, we could not verify whether 
all of the proteinases were affected by Ca and cysteine, or whether these compounds 
only activated some proteinases. It remains to be elucidated whether a thiocalsin-type 
proteinase exists in oat seeds and if this type of proteinase controls the inactivation of 
the labile trypsin and chymotrypsin inhibitors. 
Hordolisin, a serine proteinase purified from barley malt is stable at 60°C and keeps 
75% of its activity even after pre-incubation of 20 minutes at 70°C and has a pH 
optimum at pH 6 (Terp et al 2000). Hordolisin is inhibited by PMSF and other serine 
proteinase inhibitors, but it is not affected by 50 mM beta mercaptoethanol a reducing 
agent. In our study (I) it was shown that at least the serine proteinase extracted from 
 44
resting seeds that inactivates the labile trypsin chymotrypsin inhibitors is inactivated 
during 30 minutes pre-incubation at 60°C. 
 
6.2 Proteinases that hydrolyze storage proteins 
 
Oat globulins were partially hydrolyzed by 4-day germinated seeds cysteine 
proteinases at pH 3.8 but did leave a 34.5 kD IMWP at least partially un-hydrolyzed. 
Cysteine proteinase activities extracted from 8-day germinated seed totally hydrolyzed 
oat globulins through the IMWP (III). This intermediate also appears in vivo during 
oat malting process (unpublished results, Sontag-Strohm, University of Helsinki). 
Avenins were hydrolyzed by germinated seed cysteine proteinases at pH 3.8. Alpha-
avenins were hydrolyzed by 4-day and beta-avenins by 8-day germinated seed 
proteinases, these activities may belong to different types of proteinases. 
 
Globulins, the major oat storage proteins, are related to other plant 11 S globulins, 
which are most abundant plant storage proteins (Shewry 1995). Shutov and Vaintraub 
(1987) in their review proposed a general scheme for the hydrolysis of plant seed 
storage 11S globulins. According to their proposition, proteinase(s) A (cysteine 
proteinases) appear at the beginning of the germination. These proteinases are capable 
of hydrolyzing 11S globulins to small peptides. During hydrolysis proteinase A 
partially hydrolyses the globulin into soluble form by releasing the subunits. The acid 
subunit, after it is released, is rapidly hydrolyzed into smaller peptides that are not 
always detectable by ordinary SDS-PAGE. The soluble basic subunit is then 
hydrolyzed a few amino acid (one-by-one) at a time so that the change of molecular 
weight is not always detectable with SDS-PAGE. In addition, they described 
proteinase B, which is also a cysteine proteinase. It is thought to be complementary to 
proteinase A and, in most cases, is unable to hydrolyze the intact 11S globulins of the 
resting seeds. 
 
In this study, it was shown that already at the beginning of germination, minor 
activities appeared that partially hydrolyzed the globulins (III). Furthermore, when 
hydrolysis products were analyzed by SDS-PAGE, it was evident that an IMWP 
appeared during hydrolysis. The molecular weight of this intermediate peptide was 
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approximately 34.5 kD, which is between the molecular weights of the subunits of oat 
globulins. This peptide is probably produced by limited proteolysis of the higher 
molecular weight (acidic, alpha-) subunit. The lower molecular weight subunit is 
possibly very rapidly hydrolyzed to small peptides as proposed by Shutov and 
Vaintraub (1987). The IMWP does not accumulate during hydrolysis but after 
formation seems to be disappearing at approximately the same rate as the intact 
globulin. The results showing the hydrolysis of globulin by 8-day germinated seed 
proteinases indicate that the hydrolysis goes through the IMWP. The results indicated 
that only cysteine proteinases probably can initiate the hydrolysis of oat globulin.  
 
Avenins, the oat prolamins, are related to other cereal prolamins (Shewry 1995). In 
corn (Zea mays L.) the major storage proteins are the zeins, which belong to the 
prolamins. In studies on the corn prolamins, the gamma-zeins disappeared within the 
first two days of germination, with the beta- and kappa-zeins following soon 
thereafter. The predominant alpha-zeins were more stable and persisted until after the 
other zeins were degraded (Mitsuhashi and Oaks 1994). A group of cysteine 
endoproteinases, which appeared soon after imbibition, hydrolyzed the gamma-zeins 
but not alpha-zeins and the proteinases that appeared later preferentially hydrolyzed 
the alpha-zeins (Mitsuhashi and Oaks 1994). 
 
In barley, cysteine proteinases appearing during approximately the two first days of 
germination are capable of hydrolyzing hordeins, the barley prolamins (Poulle and 
Jones 1988, Koehler and Ho 1990, Phillips and Wallace 1989). In vivo, the D-
hordeins disappear before B and C hordeins (Weiss et al 1992). When a hordein 
preparation was hydrolyzed in vitro by purified barley malt 31 kD or 30 kD cysteine 
proteinases, D-hordeins disappeared before the other two classes (Poulle and Jones 
1988, Zhang and Jones 1996). A cysteine proteinase EP-B, appeared in one day 
germinated barley, which was two days earlier than EP-A. The aleurone layer secretes 
more EP-A than the scutellum, when compared to EP-B. Possibly EP-A continues 
hydrolysis of already soluble peptides (unpublished results, Porali and Mikkonen, 
University of Joensuu and State technical research center, respectively). Then barley 
EP-B and EP-A would be comparable to proteinase A and proteinase B, respectively, 
according to the general scheme of Shutov and Vaintraub (1987). 
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The results of this study showed that cysteine proteinases that hydrolyzed alpha-
avenins appeared at the beginning of germination, as did those that partially 
hydrolyzed the globulins. The cysteine proteinases that hydrolyzed the beta-avenins 
appeared as late as those that totally hydrolyzed globulins. As is in the case of 
globulins, only the cysteine proteinases probably can initiate the hydrolysis of avenins 
(IV).  
 
It is possible that two different groups of cysteine proteinases that are capable of 
hydrolyzing storage proteins are synthesized during germination. This hypothesis is 
supported by some of the results presented in this study. The major activity that 
hydrolyzed gel-incorporated globulins appeared after six days of germination and 
proteinases extracted from 4-day germinated seeds always left IMWP (at least 
partially) un-hydrolyzed even when excess of enzymes were present. Also, the alpha-
avenins were hydrolyzed by cysteine proteinases extracted from three day germinated 
seeds and thereafter, whereas beta-avenins were hydrolyzed only by proteinases 
extracted from seeds germinated for six to eight days. The studies on germinated corn 
proteinases and their substrate preferences also support this possibility (Mitsuhashi 
and Oaks 1994). On the other hand it is possible that simply the amounts of the same 
cysteine proteinases rise during the germination and the enzymes hydrolyze substrates 
in preference order. This possibility is supported by the results showing that the 
amount of IMWP does not seem to increase as the amount of native globulin declines 
and that the hydrolysis of the globulins by 8-day germinated seed proteinases proceeds 
through the IMWP. Also the avenins are hydrolyzed by 8-day germinated seed 
proteinases so that the alpha-avenins are hydrolyzed first followed by beta-avenins. 
This would be in accordance with the results obtained from the hydrolysis of barley 
storage proteins by purified barley cysteine proteinases (Poulle and Jones 1988 
Phillips and Wallace 1989, Koehler and Ho 1990).  
 
The most probable explanation for the formation of the oat storage protein 
hydrolyzing proteinases would be that, at the beginning of germination (3-4 days) 
cysteine proteinase(s), capable of hydrolyzing oat globulins and avenins, appear and 
they hydrolyze native globulin at about the same rate as IMWP. The same or other 
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cysteine proteinases also hydrolyze avenins and their amount increase towards the end 
of the germination, so that the alpha-avenins are hydrolyzed first, followed by the beta 
avenins. Oats differ from other cereals with regard to their storage protein 
composition, having the 11S storage globulins of most of the flowering plants 
combined with the prolamin storage proteins of the other cereals. This heterogeneity 
may be reflected also in the results of this study and it may necessitate purification of 
individual proteinases to show whether the same cysteine proteinases can hydrolyze 
both oat globulins and prolamins and whether the two different groups appear at 
different stages of germination. 
 
 7 CONCLUSIONS 
 
At the beginning of this study, very few data were available on the proteolytic system 
of oat seeds. Thus we performed a series of studies on the effect of oat seed 
proteinases on different substrates as well as this we studied the endogenous 
proteinase inhibitors. 
 
At least two types of trypsin and chymotrypsin inhibitors are present in resting oat 
seeds. These are the pH and temperature sensitive labile inhibitors and more stable 
inhibitors. Because most of the inhibitors are labile under low pH and high 
temperatures, they probably do not lower the nutritional value of oats. The labile 
inhibitors are inactivated in vitro by serine proteinases that are present in both resting 
and germinated seeds. The stable chymotrypsin inhibitors, in turn, are not inactivated 
at pH 6.2. Therefore possibly two different systems occur for the inactivation of these 
somewhat different inhibitor groups (I). 
 
The overall pH of the germinated oats endosperm is pH 6.2. However some kind of 
microenvironment that has a lower pH value may occur within the endosperm during 
the germination. At pH 6.2, serine and metalloproteinases were detected when gel-
incorporated gelatin was used as a substrate. However, when soluble azogelatin 
substrate was used, the cysteine proteinase activities were dominant (30%) followed 
by serine and metalloproteinase activities (15% each) (II). 
 
As earlier shown for several other cereals (Mikola 1983) cysteine proteinases with 
acidic pH optima most probably carry out the bulk hydrolysis of the main storage 
proteins of oats during germination. Oat globulins are hydrolyzed through an 
intermediate molecular weight product both in vivo and in vitro. Alpha- and beta-
avenins of oats are possibly hydrolyzed by other cysteine proteinases. Under the 
conditions used in this study the alpha-avenins were hydrolyzed prior to the beta-
avenins (III, IV).  
 
Taken together we obtained novel information on a fairly unknown area of the oat 
seed proteolytic system. It became evident that most probably the storage proteins of 
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germinating oat seeds are hydrolyzed by cysteine proteinases, as has been shown 
earlier in 11S storage protein containing seeds and prolamin storage protein 
containing seeds. 
 
The purpose of this study was to obtain basic information on the proteolytic system of 
oat grains. We hope that the results presented here could also be beneficial for the 
future work on developing malting and other industrial processes of oat grains to 
expand the use of oat crop. 
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